The prevalence of Streptococcus pneumoniae serotype 6C, a recently recognized serotype that cross-reacts serologically with serotype 6A, was investigated. Isolates of serotype 6A in various collections were recovered, and serotype 6C was differentiated from 6A by multiplex PCR of DNA extracts by using appropriate primers. Antimicrobial susceptibility was performed by Clinical and Laboratory Standards Institute broth microdilution, and selected isolates were typed by pulsed-field gel electrophoresis, repetitive sequence-based PCR typing, and rapid multilocus sequence typing (MLST) by electrospray ionization mass spectrometry of PCR products. The sources of the isolates included blood (n ‫؍‬ 5), the lower respiratory tract (n ‫؍‬ 27), the sinus (n ‫؍‬ 5), the ear (n ‫؍‬ 2), and the nasopharynx (n ‫؍‬ 18); isolates were recovered from 49 children and 11 adults. Pediatric isolates were found in all six major U.S. geographic regions. Antimicrobial susceptibility showed that 22 isolates were nonsusceptible to penicillin, macrolides, and trimethoprim-sulfamethoxazole, 8 had other resistance patterns, and 30 were fully susceptible. The three typing methods used showed similar clusters of up to eight isolates per cluster. MLST showed five clusters related to serotype 6A, two clusters related to serotype 6B, one cluster related to serotype 3, and one cluster related to serotype 34. This study documents the occurrence, nationwide distribution, diversity, likely origins, and increasing incidence after 2001 of this recently recognized serotype. Serotype 6C warrants consideration for addition to future conjugate pneumococcal vaccines.
The polysaccharide capsule is the major virulence determinant of Streptococcus pneumoniae, preventing phagocytosis. A total of 25 serotypes have one antigenic capsular determinant, while 21 serogroups have a common and one or more unique determinants. The number of known capsular serotypes, which totaled 90 in 1995 (16) , increased to 91 in 2007 with the description of serotype 6C (34, 35) . This new serotype crossreacts serologically with serotype 6A but is differentiated by a change in the wciN gene region of the capsular locus encoding for galactosyl transferase (32) .
A variety of capsular serotypes have been used to develop vaccines, and two such vaccines are currently available. The first is a 23-valent purified capsular polysaccharide vaccine (Pneumovax; Merck & Co, Whitehouse Station, NJ) containing 23 serotypes (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, and 33F). The second is a 7-valent vaccine containing saccharides purified from capsular polysaccharides conjugated to a protein vector (PCV7) to provide immunity in children under 2 years of age (Prevnar; Wyeth Pharmaceuticals, Inc., Philadelphia, PA) and contains serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F.
In view of the inclusion of serotype 6B in PCV7 and the inability to differentiate serotypes 6A and 6C by serotyping, we recovered and reidentified isolates previously characterized as serotype 6A in various strain collections to determine the incidence of serotype 6C. Serotype 6C isolates were further characterized to determine their diversity and relationships to other serotypes.
MATERIALS AND METHODS

Strains.
Isolates of serotype 6A in two strain collections were recovered from frozen storage. The first collection consisted of 2,735 isolates recovered at University Hospitals Case Medical Center from 1979 through 2007 (invasive isolates from 1979 to 1996 and isolates from all sources from 1997 to 2007); details of these collections have been published (22, 23) . The second collection comprised 393 isolates recovered from U.S. children during a nationwide surveillance study conducted in 2005 and 2006; these isolates were prospectively collected from 104 participating institutions geographically distributed across the United States, limited to one per patient, and collected from a variety of specimen sources (noninvasive, invasive, and carriage) (5) . Random isolates of serotypes 6A (n ϭ 10) and 6B (n ϭ 5) were also selected from the nationwide surveillance collection for comparison. An additional 11 nasopharyngeal isolates provided by Stephen Pelton were also studied; these had been recovered from children in Massachusetts in 2006 and 2007 and were identified as atypical serotype 6A strains based on capsular swelling with factor 6a antiserum but not with pooled antiserum containing this factor (20) .
Serotyping. Serotyping was performed by capsular swelling reaction using commercial serogroup and serotype specific antisera (Statenserum Institute, Copenhagen, Denmark) according to the manufacturer's instructions (26) .
Antimicrobial susceptibility. MICs were determined by broth microdilution according to Clinical and Laboratory Standards Institute (CLSI) recommended procedures (30), using custom prepared frozen microdilution trays (TREK, Westlake, OH) as previously described (23) . The following antimicrobial agents (and the testing ranges in g/ml) were tested: penicillin (0.015 to 8), amoxicillin (0.015 to 16), amoxicillin-clavulanic acid (2:1 ratio) (0.015/0.008 to 16/8), cefuroxime (0.03 to 4), ceftriaxone (0.015 to 2), cefdinir (0.03 to 4), azithromycin (0.015 to 32), clindamycin (0.015 to 2), levofloxacin (0.25 to 32), cefpodoxime (0.03 to 4), and trimethoprim-sulfamethoxazole (SXT; 1:19 ratio, 0.06/1.14 to 4/76). MICs were interpreted according to current CLSI breakpoints; penicillin MICs were interpreted according to the new oral penicillin breakpoints (susceptible, Յ0.06 g/ml; intermediate, 0.12 to 1 g/ml; and resistant, Ն2 g/ml) since these correspond to breakpoints previously in use (3) .
Differentiation of serogroup 6 serotypes by PCR amplification of capsular gene targets. Serotype 6C was differentiated from serotypes 6A and 6B by multiplex PCR of DNA extracts using two forward primers, 5101 (5Ј-ATTTGG TGTACTTCCTCC), which attaches to nucleotides 6949 to 6966 in the gene wciN, and 5106 (5Ј-TACCATGCAGGGTGGAATGT), which attaches to nucleotides 5897 to 5916 in gene wchA, and a common reverse primer, 3101 (5Ј-CCATCCTTCGAGTATTGC), which attaches to nucleotides 7888 to 7905 in gene wciO (27, 34) . Primer pair 5101-3101 produces products of 958 or 1267 kb with serotypes 6A and 6B, while no product is produced with serotype 6C. Primer pair 5106-3101 produces wciN PCR products of 2.0 and 1.8 kb with serotypes 6A and 6C, respectively, whereas no product is produced with serotype 6B. Control strains of serotypes 6A, 6B, and 6C were included in each run; the 6A and 6B control strains were selected from the nationwide surveillance collection, whereas the 6C control was Massachusetts isolate L4097 that had been identified as serotype 6C by In Ho Park and Moon Nahm at the University of Alabama, Birmingham. DNA was extracted from isolate suspensions by heating 10 colonies suspended in 100 l of water at 95°C for 10 min. PCRs were performed in a total volume of 25 l consisting of 1 l of DNA lysate, 12.5 l of HotStar Taq Plus Mastermix, 2.5 l of CoralLoad loading dye, 6 l of RNase-free water (Qiagen, Valencia, CA), 1 pmol of each forward primer (0.5 l each), 2 pmol (1 l) of the reverse primer (Integrated DNA Technologies, Coralville, IA), and 1 l of 25 mM MgCl 2 (Promega, Madison, WI). Amplification of PCR products was performed by a denaturation step at 95°C for 5 min and 35 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 2 min, followed by a final extension at 72°C for 10 min in a thermal cycler (Bio-Rad, Hercules, CA). PCR products were detected on 1% agarose gels incorporating 50 g of ethidium bromide, run for 1 h at 200 V and visualized under UV light. A 1-kb DNA ladder (Promega) was included on each gel.
Typing by PFGE.
Isolates were subcultured onto Trypticase soy sheep blood agar plates and incubated at 35°C in 5% CO 2 for no more than 16 h. Growth from plates was suspended in 1 M NaCl-10 mM Tris-HCl (pH 7.6) to achieve the turbidity of a 1.0 McFarland standard. Extraction of genomic DNA in 1% CleanCut agarose plugs (Bio-Rad) was performed by standard methods and included 2 mg of lysozyme/ml for bacterial lysis. DNA was digested with 2 U of the restriction endonuclease SmaI at 25°C. Products were separated by electrophoresis in a GenePath (Bio-Rad) apparatus with pulse times optimized for S. pneumoniae. PulseMarker 30 to 1,000 kb (Sigma, St. Louis, MO) was included in each gel as a molecular weight standard. Pulsed-field gel electrophoresis (PFGE) fingerprint profiles were interpreted according to standard guidelines as indistinguishable (identical fragments), closely related (2 to 3 differences), possibly related (4 to 6 differences), or different (Ն7 differences) (37) .
Rep-PCR typing. Genomic DNA was extracted from several colonies of an overnight subculture grown on blood agar plates and purified using an UltraClean microbial DNA isolation kit (MO BIO Laboratories, Carlsbad, CA). PCR amplification of 25 ng of purified DNA was performed with reagents provided in the DiversiLab DNA Enterococcus fingerprinting kit (bioMerieux, Hazelwood, MO) according to the manufacturer's instructions (the Enterococcus kit is recommended for S. pneumoniae) (14) . PCR cycling conditions included an initial denaturation at 94°C for 2 min, followed by 35 cycles of 94°C for 30 s, 50 C for 30 s, and 70°C for 90 s, with a final extension at 70°C for 3 min. Products were separated in a microfluidics DNA chip (bioMerieux) in an Agilent 2100 BioAnalyzer (Agilent Technologies, Palo Alto, CA) according to the manufacturer's instructions. Repetitive sequence-based PCR (Rep-PCR) fingerprints were compared by using the Pearson correlation coefficient with DiversiLab 3.1 software (bioMerieux) to assess both band position and intensity. Interpretation of fingerprint patterns was based on best fit of the current data to known serotype groupings. Isolates considered "indistinguishable" had a similarity index of Ն97% and no obvious band differences. Strains characterized as "similar" had Ն97% similarity and one band difference. Isolates characterized as "different" had Ͻ97% similarity or two or more bands differing.
MLST with detection and analysis of PCR products by ESI-MS. Multilocus sequence typing (MLST) analysis of S. pneumoniae was carried out based on the gene targets described by Enright and Spratt (10) . Briefly, internal fragments of the aroe, gdh, gki, recP, spi, xpt, and ddl genes were amplified by multiplex PCR from chromosomal DNA. The primer pairs used in the present study (Table 1) are internal to the loci described by Enright and Spratt and adapted for detection using PCR-electrospray ionization mass spectrometry (ESI-MS), wherein the PCR products are detected and analyzed by a technique that uses ESI to produce ions from macromolecules that are then separated by MS (12, 28) . PCR was performed in 40-l reaction mixtures consisting of 10ϫ PCR buffer, deoxynucleoside triphosphates, primers, genomic sample, and Taq polymerase (2.4 U per reaction mixture). The reactions were performed in 96-well plates (Bio- (5), the lower respiratory tract (27) , the paranasal sinus (5), the middle ear (2), the nasopharynx (18), and from miscellaneous or unknown sources (3). The serotype 6A isolates originated in blood (39), the lower respiratory tract (32), cerebrospinal fluid (2), the paranasal sinus (2), the middle ear (2), and miscellaneous or unknown sources (35) . 
Pediatric isolates collected nationwide in 2005 and 2006.
The 19 serotype 6C isolates originated from all six major U.S. geographic regions, with fewer isolates from northeast (n ϭ 2), northwest (n ϭ 2), and southwest (n ϭ 1) regions than from north central (n ϭ 6), south central (n ϭ 4), and southeast regions (n ϭ 4). Isolates originated from eight patients Ͻ2 years old, four patients 2 to 5 years old, and seven patients 6 to 18 years old. Isolates were recovered from blood (1), the middle ear (2), the lower respiratory tract (8), the nasopharynx (4), and the paranasal sinus (4).
Antimicrobial susceptibility. Susceptibility results are shown in Table 2 . A total of 30 isolates (50%) were susceptible to all agents tested (9 of 11 Massachusetts isolates, 16 of 30 Cleveland isolates, and 5 of 19 regional isolates). Of the 28 penicillin nonsusceptible isolates, 27 were penicillin intermediate. The 28 nonsusceptible strains showed five patterns, with 22 isolates having the most frequent pattern (penicillin nonsusceptible; azithromycin and SXT resistant); these isolates originated from Cleveland (n ϭ 10); the north central, northwestern, south central, and southeastern regions (n ϭ 10, with 2 to 3 per region); and Massachusetts (n ϭ 1). Four isolates were penicillin intermediate and SXT resistant, one was penicillin intermediate and azithromycin resistant, two were SXT resistant, and one was penicillin intermediate.
PFGE. Twenty-five representative isolates were selected for testing by PFGE based on time period, antimicrobial susceptibility patterns, and regional source. Eight indistinguishable, closely related or possibly related PFGE patterns were identified (Fig. 1) . Three patterns were unique (i.e., contained single isolates), while other patterns contained two to eight isolates. Within each pattern, only one pattern included strains with identical fragments (strains 7 and 9). The other patterns showed considerable variation within each group of isolates. Rep-PCR. The same 25 serotype 6C isolates tested by PFGE were tested by this method, as well as nine randomly selected serotype 6A and five serotype 6B isolates. Among the 25 serotype 6C isolates, nine groups were identified as "indistinguishable" with a similarity index of Ն97% and no obvious band differences or as "similar" with Ն97% similarity and one band difference. Groups contained 1 to 10 isolates per group, with susceptibility patterns tending to cluster with groups. However, geographic clustering was not noted. The three largest groups contained 10, 6, and 4 isolates, with two of these groups closely related to several serotype 6A isolates (Fig. 2) . Three smaller groups were closely related to several serotype 6B isolates (Fig. 3) . The remaining serotype 6C isolates were "different" with Ͻ97% similarity to each other and to all other isolates studied; however, one of these isolates had 94% similarity to two serotype 6A isolates (Fig. 4) .
MLST. The same 40 isolates typed by Rep-PCR were typed by this method. Among the 25 serotype 6C isolates, nine clusters were identified, with up to 8 isolates per cluster. ST of these clusters were compared to ST patterns present in the MLST database for S. pneumoniae by eBURST analysis; the major clonal complexes associated with serotypes 6A and 6B are shown in Fig. 5 and 6 . These comparisons showed that five clusters of 19 serotype 6C isolates were related to clonal complexes associated with serotype 6A, with ST or predicted founder ST being ST473 (n ϭ 3), ST1379 (n ϭ 8), ST490 (n ϭ 1), ST690 (n ϭ 1), and ST1390 (n ϭ 6) (Fig. 5) . The ST or predicted founder ST detected for the nine serotype 6A isolates were ST473 (n ϭ 4), ST460 (n ϭ 2), ST395 (n ϭ 1), and ST376 (n ϭ 2). Two clusters of five serotype 6C strains were related to clonal complexes associated with serotype 6B, with the ST or predicted founder ST being ST1092 (n ϭ 3) and ST138 (n ϭ 2) (Fig. 6) . The ST or predicted founder ST detected for the five serotype 6B isolates were ST90 (n ϭ 2), ST1092 (n ϭ 1), ST138 (n ϭ 1), and ST176 (n ϭ 1). The last two clusters of serotype 6C strains were single isolates of ST700, an ST associated only with serotype 3 isolates from four countries in Africa, and ST1439, the earliest isolate detected (isolated in 1989), an ST associated only with serotype 34.
Correlation between typing methods. The relationships between serotype, PFGE, Rep-PCR, and MLST findings are shown in Fig. 7 . Clustering of serotype 6C isolates identified by the three typing methods were generally similar, although there was some overlap between methods. In addition, six of the nine serotype 6A and all five of the serotype 6B isolates clustered with various serotype 6C clonal complexes, indicating that these are likely to be the founding genotypes of the serotype 6C isolates within these clusters. All seven serotype 6C strains studies that were nonsusceptible to penicillin, macrolides, and SXT clustered together and belonged to ST1379, while three of the four serotype 6C strains nonsusceptible to penicillin and SXT clustered together and belonged to ST1092.
DISCUSSION
Pneumococci have been demonstrated both to lose capsules entirely and to change the serotypes of their capsules by genetic recombination at the capsular locus. This capability can lead to decreased efficacy of capsular polysaccharide-based vaccines. Since 2003, 37 such "vaccine escape" strains (with reference to serotypes contained in PCV7) have been detected, and a novel vaccine escape recombinant strain that switched serotype from serotype 4 to serotype 19A and simultaneously acquired penicillin nonsusceptibility in a single genetic event has recently been described (2) .
Although serotype 6C was only described in 2007, examination of banked S. pneumoniae isolates has shown the presence of this serotype for many years and in many locations. The seminal study of serotype 6C indicated its presence as early as 1980 (34) . In our institution the earliest isolate was from 1989, while a study in Uruguay found the new serotype as early as 1995 (29) . The prevalence of serotype 6C isolates prior to conjugate vaccine use was low among healthy Dutch children, as well as in South African children with invasive disease (15, 17) . A surveillance study in Birmingham, Alabama, covering the years 2002 to 2007, found that serotype 6C accounted for 15% of the vaccine-related serotypes isolated, a proportion equal to that of serotype 6A (4). A Centers for Disease Control study examining previously identified serotype 6A isolates in their Active Bacterial Core surveillance from 1999 to 2006 found an increase in the proportion, over time, of serotype 6C versus serotype 6A, with 16.7% of isolates previously identified as serotype 6A being serotype 6C in 1999, increasing to 61% by 2006 (6) . They also found that rates of invasive disease caused by 6C increased significantly, from 0.25 cases per 100,000 population in 1999 to 0.56 cases per 100,000. During the same period, the rates of serotype 6A decreased significantly, from 1.3 to 0.36 cases per 100,000. Breakdown by age of patients showed that serotype 6C isolates increased significantly, from 3% of isolates in 1999 to 75% in 2006 in children Ͻ2 years, and from 28 to 68% in adults Ն65 years. MLST of serotype 6A and 6C isolates revealed nine distinct clusters previously associated with serotype 6A, with the majority of 6C isolates sharing three clusters with serotype 6A isolates. The authors of that study concluded that invasive disease due to serotype 6C in the United States may be increasing, while that due to serotype 6A is decreasing. Data from our institution displayed similar trends (22) . These studies raise the question of the crossimmunogenicity of serotype 6B polysaccharide included in PCV7 to serotypes 6A and 6C. Several groups have presented findings, based on antibody responses and invasive disease surveillance, suggesting that serotype 6B conjugate vaccine has proved adequately immunogenic against serotype 6A but not against serotype 6C (4, 6, 24, 33) . Similarly, inclusion of serotype 19F in PCV7 has not provided cross-immunogenicity to serotype 19A (1, 2, 19, 25, 31, 36) . Use of other antigenic targets has been suggested, such as pneumococcal surface protein A (PspA), which comprises five clades in two families, and findings suggest that use of just two of the clades provides broad antibody cross-reactivity to all five clades (7) . The diversity of antigenic targets in S. pneumoniae and the ability of this species to transform genetically will continue to challenge control of pneumococcal disease with use of vaccines.
Analysis of ST profiles of serogroup 6 isolates present in the MLST database revealed that there are several major related clonal complexes of serotype 6A, with ST473, ST490, ST1379, and ST395 the major predicted founders, sharing four or more loci (Fig. 5) . One serotype 6A clonal complex, with ST1390 the predicted founder, is unrelated to other serogroup 6 strains, and has three common loci with strains of serogroups 15, 18, and 21. The major predicted founders of serotype 6B are ST138, ST176, ST90, ST273, ST385, ST146, ST315, and ST1092 (Fig. 6) . A recent study of the genetic relatedness of 43 serotype 6A isolates and 32 serotype 6C isolates by eBURST MLST analysis found nine distinct genetic profiles (called eBURST serogroups) that had previously only been found in serotype 6A (6) . The majority of the serotype 6C isolates shared three eBURST serogroups with serotype 6A isolates, as was the case with our isolates. The MLST database currently lists nine strains of serotype 6C, belonging to seven unrelated ST, with predicted founder ST of serotypes 6A, 6B, and 23F.
Our findings confirm many of the relationships discussed above and document additional relationships. Of the nine clusters of serotype 6C isolates detected, five were closely related to serotype 6A and two were closely related to serotype 6B strains, indicating likely capsular switching from serotypes 6A and 6B to serotype 6C. Two other clusters were, surprisingly, related to serotypes 3 and 34, indicating possible capsular switching from these serotypes. Our findings also demonstrate an increasing incidence of serotype 6C over time in Cleveland, as well as widespread distribution of isolates throughout the United States. These isolates were genetically diverse, indicating that they had likely developed over a considerable time period. Furthermore, our studies provide information on the applicability to S. pneumoniae of two typing methods, Rep-PCR and MLST with ESI-MS. The Barcodes Rep-PCR method has only been reported to have been used to type S. pneumoniae on one occasion, with PFGE used for comparison (14) . In that study the investigators concluded that Rep-PCR was able to delineate S. pneumoniae with a discriminatory power equal to that of PFGE and suggested that it could be used as a stand-alone method for this species, with the only qualification that subtype groupings were more difficult to define by Rep-PCR. MLST with ESI-MS has been successfully used to type isolates of Streptococcus pyogenes, Acinetobacter baumannii, and Campylobacter species (8, 9, 13, 21, 38) .
Our study highlights the presence of serotype 6C throughout the USA and the increasing incidence of this serotype after the introduction of PCV7. Although the clonality of serotype 6C strains was equally well characterized by PFGE, Rep-PCR, and MLST, MLST was the only method that could be used to detect the likely origin of strains. MLST was performed by using a novel detection method, ESI-MS, which avoids the need to perform nucleotide sequencing of amplification products.
